Background: The diameter of the abdominal aorta is central to the diagnosis of abdominal aortic aneurysm. This study aimed to determine the associations between the diameter of the abdominal aorta at three distinct locations and the traditional cardiovascular disease risk factors as well as calcified atherosclerosis. Methods: A total of 504 patients (41% women) underwent whole body scanning by electron beam computed tomography (EBCT) and a standardized assessment for cardiovascular disease risk factors. The resulting EBCT images were retrospectively interrogated for the diameter of the abdominal aorta just inferior to the superior mesenteric artery (SMA), just superior to the aortic bifurcation, and at the midpoint between the SMA and bifurcation. Results: Mean patient age was 57.8 years. The mean (SD) diameter was 21.3 (2.9) mm at the SMA, 19.3 (2.5) mm at the midpoint, and 18.6 (2.2) mm at the bifurcation. In a model containing the traditional cardiovascular disease risk factors, age (standardized ␤ ‫؍‬ 0.96), male sex (␤ ‫؍‬ 3.06), and body mass index (standardized ␤ ‫؍‬ 0.68) were significantly associated with increasing aortic diameter at the SMA (P < .01 for all) . The significance of the associations for these variables was the same for aortic diameter at the midpoint and bifurcation. Furthermore, a 1-unit increment in the calcium score in the abdominal aorta and iliac arteries was associated with 0.13-mm (P < .01) and 0.09-mm (P ‫؍‬ .02) increases, respectively, in aortic diameter at the SMA. The results were similar for the midpoint (␤ ‫؍‬ 0.19, P < .01; ␤ ‫؍‬ 0.12, P ‫؍‬ .01, respectively) and bifurcation (␤ ‫؍‬ 0.09, P < .04; ␤ ‫؍‬ 0.09, P ‫؍‬ .03, respectively).
In the United States, abdominal aortic aneurysm (AAA) is the 13th leading cause of death. 1 The lifetime prevalence of AAA varies according to the age, ethnicity, and definition used and is estimated between 1.3% and 8.9% in men and 1.0% and 2.2% in women. [2] [3] [4] [5] Unlike coronary heart disease, the incidence of AAA in the United States and Europe has been increasing, and this increase may not be due to higher levels of screening for this condition alone. 1, 6 Some authors have defined AAA as an infrarenal aortic diameter Ͼ30 mm. 7 Conversely, the Society for Vascular Surgery and the International Society for Cardiovascular Surgery proposed a definition for AAA as an infrarenal to normal abdominal aortic diameter ratio of Ն1.5. 8 In some cases, the "normal" abdominal aortic diameter has been replaced by the suprarenal aortic diameter and the same ratio criteria applied. 9 To date, there is no consensus on the aortic diameter or other calculation to uniformly diagnose an AAA, although most would advocate a diameter Ͼ3.0 cm. 10 More important, autopsy studies have shown that AAAs of smaller diameter can rupture, 11, 12 whereas some larger ones will not rupture. 13 This suggests that knowl-edge of even smaller aortic diameters and their subsequent enlargement rates may be clinically relevant.
The diameter of the aorta decreases from the thoracic aorta to the aortic bifurcation. The diameter of the abdominal aorta increases with age and is larger in men. 14 The literature on the association between body habitus and abdominal aortic diameter is mixed: Some studies have found significant associations with body weight, 15 whereas others have only found significant associations with body height but not weight. 16 Given the central role of aortic diameter in the epidemiology of AAA and the relative paucity of systematic studies on the diameter of the abdominal aorta, the aim of this study was to determine the associations between aortic diameter measured by computed tomography (CT) and both cardiovascular disease risk factors and calcified atherosclerosis.
METHODS

Subjects.
Subjects for this study were consecutive patients who were evaluated by electron beam CT (EBCT) at a university-affiliated disease-prevention center in San Diego, California, for the extent of calcified atherosclerosis in five different vascular beds: the carotid, coronary, thoracic aorta, abdominal aorta, and iliac vessels. The participants in this clinical population were either self-referred or were referred on the recommendation of their personal physician. Most were asymptomatic and free of clinical cardiovascular disease. Previous results from this cohort have been published. 17 All study data were collected at the same patient visit. The study protocol was approved by the Human Research Protection Program at the University of California at San Diego, which granted a waiver of informed consent.
Study participants completed a detailed health history questionnaire that collected information on history of hypertension, diabetes, cholesterol, smoking, family history of coronary heart disease, medications, diet, exercise, and prior surgeries. After the patient had rested for 5 minutes in the seated position, trained technicians used a standardized protocol to obtain systolic (SBP) and diastolic blood pressures (SBP) in the right upper extremity by automated oscillometry. Casual (not necessarily fasting) serum total, high-density (HDL) and low-density lipoprotein (LDL) cholesterol, as well as blood glucose measurements, were obtained by finger stick using the Cholestec LDX system (Cholestech Inc, Hayward, Calif). Body mass index (BMI) was calculated with the patient lightly clothed (without shoes). Body fat measurement was determined using electrical bioimpedence (Omron HBF-300, Omron Healthcare Inc, Bannockburn, Ill).
Hypertension was defined as a systolic (SBP) Ͼ140 mm Hg or diastolic blood pressure (DBP) Ͼ90 mm Hg, or self-report of physician-diagnosed hypertension and current use of an antihypertensive medication. Smoking status was defined as current, former, or never. Diabetes was defined by current use of physician-prescribed antiglycemic medications or a glucose level Ͼ200 mg/dL. 18 Individuals with a total to HDL cholesterol ratio Ͼ5 or who reported the use of a medication to treat high cholesterol were classified as dyslipidemic. [19] [20] [21] [22] Image acquisition. Imaging was conducted using an Imatron C-150 scanner (GE Medical Systems, Waukesha, Wisc). Images for each vascular bed were obtained using 100-ms scan time and proceeding caudally from the base of the skull to the symphysis pubis. Each bed was obtained by a distinct scan of the segment in question using the following slice thicknesses: 3 mm for the coronary bed, 5 mm for the thorax, and 6 mm through the neck, abdomen, and pelvis. Cardiac CT imaging was electrocardiographically triggered at 40% or 65% of the R-R interval, depending on the subject's heart rate. Imaging of the heart, thorax, and abdomen was conducted during separate breath-holds at half-maximal inspiration.
Image analysis. This study was a retrospective analysis of the images obtained using the technique described. Computer software equipped to view CT images and conduct the appropriate measurements for aortic diameter (Osiris 4.19, University of Geneva, Geneva, Switzerland) was used to measure the diameters of the abdominal aorta at (1) the first slice inferior to the superior mesenteric artery (SMA), (2) the first slice superior to the aortic bifurcation, and (3) at the midpoint between the SMA and the aortic bifurcation. At these locations, an adjustable-size electronic caliper in the shape of a circle was used to measure the diameter (d) by fitting the caliper around the circumference (C) of the adventitia of the aorta. The computer then calculated the diameter from the circumference measurement using the equation, C ϭ d. Each location was measured three times, and the average of these measurements was used in the analysis. For those images where the image quality was questionable, the principal investigator adjudicated the image, and a consensus was made on the measurement. The average percentage difference in measurements at each of these three sites was 4.1%, 4.0%, and 4.0%, and the intraclass correlation was 0.93. A single reader who was unaware of the subject characteristics conducted the measurements for aortic diameter.
Atherosclerotic calcium was defined as a plaque area Ն1 mm 2 with a density of Ն130 Hounsfield units (HU). Quantitative calcium scores were determined according to the method described by Agatston et al. 23 In brief, the calcium score per lesion was calculated by multiplying the area of the contiguous pixels by the corresponding density number using the following scale for density (1 ϭ 130 to 199 HU, 2 ϭ 200 to 299 HU, 3 ϭ 300 to 399 HU, and 4 ϭ Ն400 HU). The total calcium score was then determined by summing the lesion scores from all of the slices for that segment. Agatston calcium scores for vascular beds other than the coronaries were adjusted for slice thickness using the following formula: adjusted score ϭ original score ϫ slice thickness/3.0. Volume averaging was avoided by scoring each homogeneous slice thickness segment separately.
Statistical analysis. Descriptive statistics of the study cohort were summarized by means and standard deviations for normally distributed continuous variables and medians and ranges for non-normally distributed continuous variables. Categoric variables were summarized using frequencies and percentages. Adjusted mean values for subject characteristics were calculated using general linear models. Age-and sex-adjusted correlations between aortic diameter and continuous study variables were determined using Pearson correlations. To induce normality for the correlation analyses, the vascular calcium variables were transformed by taking the natural log of (1 ϩ the calcium score). Analysis of covariance was used to calculate the adjusted mean value or prevalence of the subject characteristics by quartile of aortic diameter. Finally, multivariable linear regression was used to determine the simultaneous significance of the associations between the cardiovascular disease risk factors, as well as the presence and extent of vascular calcium in distinct vascular beds, and aortic diameter. The cardiovascular disease risk factor variables were added to a base model that included age and sex. Then, each of the vascular calcium variables (eg, coronary calcium) was added to a model that contained the traditional cardiovascular disease risk factors. The level of significance for this study was P ϭ .05 (two-tailed). Analyses were conducted using SPSS software (SPSS Inc, Chicago, Ill).
RESULTS
The characteristics of the 504 subjects (41% women) studied are presented in Table I . Their age range was 25 to 87 years, and 67.5% were classified as overweight or obese. The median calcium scores in the coronaries, abdominal aorta, and iliac arteries were 10, 53 and 51, respectively, and the median scores in the carotid arteries, thoracic aorta, and renal arteries were 0. None of the participants had a history of myocardial infarction or stroke, five had undergone coronary artery bypass grafting, and 10 had a history of percutaneous transluminal angioplasty of the coronary arteries.
The diameter of the abdominal aorta increased from cephalad to caudad. Specifically, the mean (SD) diameter was 21.3 (2.9) just inferior to the superior mesenteric artery, 19.3 (2.5) mm at the midpoint between the SMA and the aortic bifurcation, and 18.6 (2.2) mm just superior to the aortic bifurcation. The corresponding diameters were 22.6, 20.5, and 19.6 mm for men and 19.3, 17.5, and 17.0 mm, respectively, for women. With adjustment for age, and at all 3 aortic locations, the aortic diameters were significantly different between men and women (P Ͻ .01 for all).
With adjustment for sex, the diameter of the abdominal aorta just inferior to the SMA, at the midpoint, and just superior to the aortic bifurcation, was significantly correlated with age (r ϭ 0.39, 0.28, 0.19, respectively; P Ͻ .01 for all). Similarly after adjustment for age and sex, a significant correlation with the diameter of the abdominal aorta at these locations was found for BMI (r ϭ 0.30, 0.25, 0.23, respectively; P Ͻ .01 for all) and body fat percentage (BF%; r ϭ 0.20, 0.16, 0.14, respectively; P Ͻ .01 for all). With the same adjustment, SBP was also significantly correlated with all with aortic diameters (r ϭ 0.17, P Ͻ .01; r ϭ 0.11, P ϭ .02; and r ϭ 0.10, P ϭ .03), but DBP was only significantly correlated with the diameter at the SMA location (r ϭ 0.16, P Ͻ .01). Likewise, the total cholesterol/HDL cholesterol ratio was significantly correlated with the diameter at the SMA (r ϭ 0.12, P ϭ .01), only marginally correlated at the midpoint (r ϭ 0.09, P ϭ .06), and not significantly correlated at the aortic bifurcation (r ϭ 0.04, P ϭ .37).
After log-transformation and with adjustment for age and sex, the extent of calcium in the abdominal aorta was significantly correlated with the diameter of the aorta at the SMA (r ϭ 0.13, P Ͻ .01) and midpoint (r ϭ 0.11, P ϭ .01) sites, but not at the aortic bifurcation. Findings for the extent of calcium in the iliac arteries (SMA: r ϭ 0.11, P ϭ .01; midpoint: r ϭ 0.10, P ϭ .03; aortic bifurcation: r ϭ 0.01, P ϭ .77) and the total extent of calcium in all of the vascular beds (SMA: r ϭ 0.10, P ϭ .04; midpoint: r ϭ 0.11, P ϭ .02; aortic bifurcation: r ϭ 0.01, P ϭ .80) were similar. There were no significant correlations between calcium in the carotid arteries, coronary arteries, thoracic aorta, and renal arteries and the diameter of the aorta at the three measurement sites. The mean age-and sex-adjusted risk factor values by quartile of aortic diameter at each of the three sites studied are presented in Table II . As shown, there were trends for increasing age, BMI, BF%, and SBP by quartile of aortic diameter. The increases in BMI and BF% were linear. For both SBP and DBP, there were larger increases going from the lowest to second lowest quartile, and then the increases became smaller as the aortic diameter quartile increased.
From the lowest to highest quartile of aortic diameter at each of the three sites, the median calcium scores increased in the coronaries, abdominal aorta, and iliac arteries (Fig 1) . Similarly, the age-and sex-adjusted prevalence of calcium in the coronaries, abdominal aorta, and iliac arteries increased from the first to fourth quartile at the SMA and midpoint locations (Table II) . At the former, the overall trends for the presence of calcium in both the abdominal aorta and iliac arteries were of borderline significance (P ϭ .07 for both), whereas for the midpoint location, the prevalence trends for calcium in the coronary and iliac arteries were statistically significant (P ϭ .05 and .02, respectively).
We then conducted multivariable linear regression analysis to determine which of the risk factors were significantly associated with increasing aortic diameter (Table  III ). In a model containing age, sex, BMI, diabetes, dyslipidemia, smoking, and hypertension, only age (standardized ␤ ϭ 0.96), male sex (␤ ϭ 3.06), and BMI (standardized ␤ ϭ 0.68) were significantly associated with increasing aortic diameter at the SMA (P Ͻ .01 for all). Similarly, in a model containing the same variables but replacing BMI with BF%, age (standardized ␤ ϭ 0.77), male sex (␤ ϭ 3.81), and BF% (standardized ␤ ϭ 0.12) were significantly associated with increasing aortic diameter at the SMA (P Ͻ .01 for all). The significance of the associations for these variables was the same for aortic diameter at the midpoint and bifurcation. Also, when BMI and BF% were included in the same multivariable model, BMI remained significantly associated with aortic diameter, but BF% was no longer significant. Fig 2 shows the results of multivariable linear regression analysis where the calcium score for each vascular bed was separately added to a model containing all of the cardiovascular disease risk factors listed above. On average, a 1-unit increment in calcium score in the abdominal aorta and iliac arteries was associated with 0.13-mm (P Ͻ .01) and 0.09-mm (P ϭ .02) increases, respectively, in aortic diameter at the SMA. The results were similar for the midpoint (␤ ϭ 0.19, P Ͻ .01 and ␤ ϭ 0.12, P ϭ .01; respectively) and aortic bifurcation (␤ ϭ 0.09, P Ͻ .04 and ␤ ϭ 0.09, P ϭ .03; respectively). The total amount of calcium in the vascular beds studies was also associated with increasing aortic diameter at the SMA (␤ ϭ 0.13, P ϭ .02) and midpoint (␤ ϭ 0.15, P ϭ .01), but not at the bifurcation (␤ ϭ 0.04, P ϭ .54).
DISCUSSION
In this cross-sectional study of ambulatory patients who underwent whole-body CT scanning as part of their routine health maintenance, increments in the diameter of the abdominal aorta just inferior to the SMA, just superior to the aortic bifurcation, and at the midpoint between these two sites, were significantly associated with age, male sex, BMI, and calcified atherosclerosis in the abdominal aorta and iliac arteries, even after adjustment for the other tradi- tional cardiovascular disease risk factors. There was also a significant association between the total body fat and aortic diameter at all three locations, but this was not independent of BMI. In total, these results expand the literature on the cardiovascular epidemiology of abdominal aortic diameter by demonstrating significant positive associations with calcified atherosclerosis. Of note, similar to findings from previous studies, 4, 24 diabetes was significantly and inversely associated with increments in the diameter of the abdominal aorta just superior to the aortic bifurcation but not at the SMA or the midpoint. However, owing to the small number of 14 patients with diabetes in this study, these results should be viewed with caution. Previous studies on the epidemiology of aortic diameter are limited. In a study of Ͼ69,000 Veterans Administration patients, Lederle et al 15 found that age, male sex, black race, height, weight, BMI, and body surface area were significantly associated with increasing abdominal aortic diameter in the infrarenal and suprarenal aortic segments. 15 The authors noted, however, that the effect sizes were small, and statistical significance in some cases may have been due to the large sample size. Smoking, hypertension, high cholesterol, diabetes mellitus, coronary artery disease, claudication, cerebrovascular disease, and deep venous thrombosis were not significantly associated with abdominal aortic diameter in this study.
Our results confirm the significant associations between abdominal aortic diameter and age, sex, and the measures of body morphology described above. However, our study also found a significant inverse association between abdominal aortic diameter and diabetes mellitus. Importantly, this finding was only for the abdominal aorta just proximal to the aortic bifurcation and is in accordance with previous epidemiologic studies that have demonstrated a significant inverse association between diabetes and AAA. 4, 24 The reason for this "protective" effect of diabetes on AAA-and now aortic diameter-is currently unknown.
Data from studies on AAA suggest that the risk factors for this condition are similar to those for abdominal aortic diameter. Specifically, male sex and increasing age are con-sistently identified as significant nonmodifiable risk factors. Despite the lack of association found in our study, the relative risk of aneurysm for smokers is at least twice that of nonsmokers, [25] [26] [27] and smoking constitutes a significant risk for aneurysm enlargement. 28 Our null association may have been due to the method of ascertainment for smoking or the population studied, which was composed primarily of those free of clinical disease. Finally, most studies indicate modest elevations of total cholesterol and LDL cholesterol concentrations in individuals with AAAs, 29, 30 whereas hypertension has only a weak association with AAA. 24 Traditionally, AAAs were associated with atherosclerotic disease of the aortic wall and thus were regarded as a consequence of atherosclerosis. 31 More recently, however, this view has been challenged because contemporary clinical and basic research studies suggest that aneurysms probably arise through pathogenic mechanisms that differ to a certain degree from those responsible for atherosclerosis. 32, 33 In addition, the risk factors for atherosclerotic cardiovascular disease other than cigarette smoking do not appear to be major risk factors for aneurysm formation. Specifically, hypertension seems to be more positively associated with coronary heart disease and cerebrovascular disease than with aneurysm formation, and hypercholesterolemia and diabetes do not generally constitute an increased risk of AAA. 24, 29, 30 Combined with the results from our study, previous findings on risk factor associations support an association between local calcified atherosclerosis and an increasing diameter of the abdominal aorta as well as limited (ie, hypertension and hypercholesterolemia) or inverse (ie, diabetes) associations between several traditional cardiovascular disease risk factors and dilatation of the abdominal aorta. Notably, the rate of dilation of the abdominal aorta and the need for future surgical procedures for treatment of AAA may be dependent on the presence of local atherosclerotic calcification. 34 Novel biomarkers, such as interleukin-6, may provide more insight into the links between atherosclerosis and aneurysmal formation. 35 Most studies on aortic dilatation have used ultrasound imaging to detect aneurysms and measure the diameter of the aorta. More recently, data are being published that show CT is a valid method for measuring the abdominal aorta. 36 Some of these studies suggest that measurements made with CT have higher validity than those conducted with ultrasound and that ultrasonography may underestimate the size of an aneurysm. 37 Accordingly, if suitable CT images of the abdomen are available from studies obtained for other purposes, it may be appropriate to measure the diameter of the abdominal aorta as a part of preventive screening. Furthermore, given the links between increasing aortic diameter and AAA, future studies are recommended to explore the association between aortas of larger diameter and progression to aneurysm. This study has some limitations. Participants were either self-referred or referred on the advice of their personal physician. These individuals typically tend to be from a higher socioeconomic status and more concerned with health-related issues and therefore are probably engaged in more preventive health strategies. Therefore, the sample for this study may not be representative of the general population or populations from community-based samples, and the results of this study may not be generalizable to those groups.
The definition of diabetes in this study relied on selfreport of medication use for this condition and not fasting plasma glucose; thus, there is the potential for misclassification.
Calcium detected by EBCT is primarily due to intimal changes associated with atherosclerosis. However, this technique does not distinguish between intimal calcium due to atherosclerosis and Mönckeberg medial calcinosis. Because the latter occurs principally in those with diabetes 38 or chronic kidney disease 39 and is located primarily in the lower extremities (below the knee), we believe the probability of misclassification is low in our study. As the arterial wall undergoes compensatory enlargement during atherosclerosis, 40 it is possible that the presence of calcified atherosclerosis in the abdominal aorta may bias the measurements of the diameter of the aorta in affected areas. We believe this bias is small because the associations between calcium and aortic diameter were strongest at the SMA and midpoint locations; locations that typically have a very low prevalence of calcified atherosclerosis.
Finally, despite mechanisms aimed at reducing error due to motion artifact or noise values, or both, due to the EBCT scanner, there is a small probability of residual error in the measurement of aortic diameters. With newer imaging devices and scanning technology, the ability to reduce these errors will improve. Linear regression analyses shows the differences in aortic diameter at the superior mesenteric artery (SMA), midpoint (MID), and aortic bifurcation (BIF) locations per 1-unit increases in calcium scores in various vascular beds, which were adjusted for age, sex, body mass index, smoking, hypertension, diabetes, and dyslipidemia.
